■ INTRODUCTION
Peptide self-assembly has received increasing interest in the last years due to its relevance in difference biological processes. In particular, aggregation of peptides to give fibers is common as a result of 1-D growth of fibrils promoted by intermolecular Hbonding interactions. Fundamental studies of this process have implications in the diseases such as amyloid-type fibrillization and in the formation of peptide-derived supramolecular gels.
1,2
Vesicle formation by peptides is much less common than fibrillization. Several cases have been reported using, for example, glycine-rich surfactant-like peptides, 3, 4 sequenced peptides, 5 and diphenylglycine in aqueous solution 6 or Bocdiphenylalanine [Boc: tert-butoxycarbonyl] in organic solvents. 7, 8 Here we report on unprecedented formation of vesicle-like structures by oligoproline amphiphiles (Scheme 1). Polyproline (PP) domains are present in proteins prone to fibrillation such as collagen and play an important role in protein−protein and protein−nucleic acid interactions. 9 PP peptides are considered to be rather rigid domains in protein structures and have received attention due to their use as molecular rulers for fluorescence resonance energy transfer (FRET) calibration studies. 10, 11 PP in water presents predominantly the so-called PP-II arrangement, a left-handed helix with an all-trans amide configuration and a repeat distance of 3.1 Å. 12 The PP-I structure, with an all-cis amide configuration, is a right-handed helix observed in organic solvents. 13 The aggregation of PP motifs in water has been scarcely studied. Tertiary amides lack amide protons for intermolecular H-bonding, and one would expect that PP cannot aggregate in a similar way to other peptides. However, it has been described recently that PP precipitates in aqueous solution to give a thin film above a certain concentration threshold (ca. 1 mg/mL) at high temperatures.
14 In earlier reports, the precipitation upon heating above ca. 55°C of PP in water was studied by IR. 15, 16 The interaction of the carbonyl groups of the PP with the solvent seems to be a key issue in the observed behavior. Upon heating, the weakening of these interactions leads to precipitation which is probably associated also with a slight conformational change. Circular dichroism spectroscopy and vibrational circular dichroism (VCD) spectroscopy along with Raman and FTIR methods have been used to investigate the conformation of a model triproline peptide in water. 17 VCD has been used to investigate in detail the conformation of oligoproline peptides (P 2 −P 12 ) in aqueous solutions. 18, 19 A reversible conformational transition from PP-I to PP-II upon heating has been observed for a P 12 peptide in n-propanol by CD, and it was associated with the cis−trans isomerization of amide bonds. 20 The transition kinetics and thermodynamics were also analyzed. Peptide P 6 also shows a concentrationdependent transition between PP-I and PP-II in aqueous npropanol. 21 However, no aggregation process has been reported for unmodified oligoproline peptides, to our knowledge.
■ RESULTS AND DISCUSSION
Hexaproline peptides containing as a C-terminal unit the ionizable amino acids glutamic acid (P 6 E) or lysine (P 6 K) were studied in phosphate-buffered water at pH 7 (Scheme 1). Assuming that the pK a values do not differ to a great degree from those reported for proline and glutamic acid in peptides, at neutral pH, P 6 E should exist as a singly charged anion with partial positive charge in the N-terminal proline unit and the Cterminal glutamic acid unit as a dianion. On the other side, P 6 K should predominantly form a cationic species at pH 7 as a result of the protonation of N-terminal proline and C-terminal lysine units together with the anionic character of the Cterminal carboxylate (Figure 1 ).
Dynamic light scattering (DLS) studies carried out at 25°C indicate the presence of free, nonaggregated species both for P 6 E and P 6 K with an average size of ca. 1 nm (Figure 2) . Remarkably, upon heating up to 80°C, aggregation into objects with low polydispersity objects ascribable to vesicle-like assemblies is observed. In the case of P 6 E, a number-averaged diameter (D n ) of ca. 600 nm is detected, while the assemblies formed by P 6 K were smaller with a diameter of ca. 300 nm (Figure 2 ). The aggregation process is found to be fully reversible, and upon cooling down back to 25°C, free P 6 E and P 6 K is observed again by DLS.
Circular dichroism experiments were carried out at 0.1% w/w to avoid signal saturation. At 25°C, the characteristic pattern of a PP-II conformation 18, 22, 23 with positive ellipticity at 228 nm was observed for both peptides (Figure 3 ). Upon heating up to 80°C, the PP-II pattern disappears, indicating an important conformational change taking place. The change was found to occur gradually with the increasing temperature with no critical point observed ( Figure S2 ). In accordance with DLS measurements, the process is fully reversible, and upon cooling back to 20°C, the PP-II conformation is recovered. Difference spectra were plotted, showing an increasing deviation from PP-II conformation on heating with a development of a spectrum with a maximum near 200 nm and a minimum near 220 nm, suggesting the appearance of turn or β-sheet structures 24−27 ( Figure S3 ).
These results are fully consistent with NMR measurements. Upon heating to 80°C, the 1 H NMR-visible species were reduced to ca. 50% using an internal standard for integration. This fact proves the formation of large, NMR-silent aggregates. Interestingly, 1 H NMR spectra revealed that the multiplicity pattern of the signals corresponding to the diasterotopic protons at position 3 in the proline ring is heavily modified, indicating important conformational changes (Figure 4) . Additionally, the traces of 1 H− 15 N long-range correlations, carried out for the 15 N-enriched sample at proline unit number 5, also reveal important changes in the complex multiplicity pattern of the signals corresponding to the proline ring ( Figure  S4 ).
Imaging the vesicle-like assemblies by cryo-TEM and AFM was found to be challenging because of their instability at room temperature. Nevertheless, scanning electron microscopy (SEM) images were obtained from samples at 80°C that were fast frozen and lyophilized. As can be seen in Figure 5 , round shaped objects are observed which are ascribable to vesicle-like assemblies with variable diameters. These objects do not correspond to artifacts arising from salts in the buffer solution, which emerged as brilliant not-round spots that can be easily distinguished from the vesicles ( Figure S9 ). The diameter of the vesicle-like assemblies is only in rough agreement with DLS, since the SEM images show considerable polydispersity in size. It has to be taken into account that the manipulation process of the sample (fast freezing and lyophilization) could affect the structures present in solution, leading to aggregation and increased polydispersity. Some of the observed vesicle-like assemblies revealed their hollow structure as a result of the The self-assembly process was followed using pyrene as a fluorescent probe (Figure 6 ). Upon heating, and subsequent P 6 E aggregation, incorporation of pyrene into a hydrophobic environment 28, 29 was clearly detected by measuring the relative intensity of its vibronic fluorescence bands 1 and 3. The trend in I 1 /I 3 as a function of concentration is similar to that noted for conventional amphiphiles for which I 1 /I 3 decreases at the critical micelle concentration, from a typical value of around 1.7−1.8 to a lower value. 30, 31 The critical concentration for aggregation at 80°C of P 6 E was found to be as low as ca. 30 μM, revealing a strongly thermodynamically favorable aggregation process. In constrast to P 6 E, no critical point was observed in the fluorescence of pyrene in the presence of P 6 K at 80°C in the range of concentrations used (upper limit was 0.6 mM). This result indicates that the aggregation of P 6 K is thermodynamically less favorable than that of P 6 E.
■ CONCLUSIONS
Peptide amphiphiles P 6 E and P 6 K at pH 7 and 25°C present a PP-II conformation as revealed by CD, showing no aggregation. Upon heating, an important conformational change takes place, with the peptides losing their secondary structure according to CD. NMR studies confirm an important conformational reorganization which strongly affects the multiplicity pattern of the proline ring protons. The conformation adopted at 80°C is accompanied by aggregation into vesicle-like assemblies which are detected as rather monodisperse objects by DLS with diameters of ca. 600 and 300 nm for P 6 E and P 6 K, respectively. The aggregation is found to be fully reversible, with the system recovering the PP-II conformation upon cooling back to 25°C. Scanning electron microscopy images from samples at 80°C which were fast frozen confirm the formation of vesicle-like assemblies. The aggregation onset at 80°C was studied monitoring the fluorescence of pyrene. It was found that P 6 E shows a quite low critical aggregation concentration of ca. 30 μM in contrast to that for P 6 K, which is above 0.6 mM. In summary, we have observed the remarkable thermoreversible formation of vesicle-like assemblies by the surfactant-like peptides P 6 E and P 6 K. This transition is accompanied by, or driven by, a change in peptide conformation from PPII. To our knowledge, this is the first observation of such a phenomenon for peptide materials. The discovery of polyproline-rich peptide vesicles has great potential in the development of responsive delivery systems (e.g., drug delivery) among other future applications. In this regard, design of related polyproline amphiphiles with a lower transition temperature or responsive to other physicochemical stimuli could be evaluated in future work.
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Notes
The authors declare no competing financial interest.
■ ACKNOWLEDGMENTS
